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introDuction
High dose- rate brachytherapy (HDR BT) can accurately 
deliver a conformal high radiation dose to prostate cancer 
(PCa) with a rapid dose drop off, minimizing doses to the 
adjacent normal organs. With increasing interest in using 
HDR BT in PCa management, different hypofractionated 
monotherapy schedules have been suggested to be a safe and 
effective treatment option for patients with organ- confined 
PCa.1–10

One of the commonest late effects after PCa HDR BT 
is urethral stricture with an incidence rate up to 15%.11 
However, limited data have been reported on the causes of 
the post- radiotherapy stricture especially the relationship 
between urethral dose–volume constraints and radiation- 
induced stricture after HDR BT.12,13

MRI is fundamental to PCa management with the infor-
mation that it can provide for screening and diagnosis.14,15 
Features of the MRI scans can be analyzed at a millimeter 
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objective: A cohort of high dose- rate (HDR) mono-
therapy patients was analyzed to (i) establish the 
frequency of non- malignant urethral stricture; (ii) 
explore the relation between stricture formation with the 
dose distribution along the length of the urethra, and 
MRI radiomics features of the prostate gland.
Methods: A retrospective review of treatment records 
of patients who received 19 Gy single fraction of HDR 
brachytherapy (BT) was carried out. A matched pair anal-
ysis used one control for each stricture case matched 
with pre- treatment International Prostate Symptom Score 
(IPSS) score, number of needles used and clinical target 
volume volume for each stricture case identified.
For all data sets, pre- treatment T2 weighted MRI images 
were used to define regions of interests along the urethra 
and within the whole prostate gland. MRI textural radi-
omics features—energy, contrast and homogeneity were 
selected. Wilcoxon signed- rank test was performed to 
investigate significant differences in dosimetric parame-
ters and MRI radiomics feature values between cases and 
controls.
results: From Nov 2010 to July 2017, there were 178 
patients treated with HDR BT delivering 19 Gy in a single 

dose. With a median follow- up of 28.2 months, a total of 
5/178 (3%) strictures were identified.
10 patients were included in the matched pair analysis. 
The urethral dosimetric parameters investigated were 
not statistically different between cases and controls (p 
> 0.05). With regards to MRI radiomics feature analysis, 
significant differences were found in contrast and homo-
geneity between cases and controls (p < 0.05). However, 
this did not apply to the energy feature (p = 0.28).
conclusion: In this matched pair analysis, no association 
between post- treatment stricture and urethral dosimetry 
was identified. Our study generated a preliminary clinical 
hypothesis suggesting that the MRI radiomics features 
of homogeneity and contrast of the prostate gland can 
potentially identify patients who develop strictures after 
HDR BT. Although the sample size is small, this warrants 
further validation in a larger patient cohort.
advances in knowledge: Urethral stricture has been 
reported as a specific late effect with prostate HDR 
brachytherapy. Our study reported a relatively low 
stricture rate of 3% and no association between post- 
treatment stricture and urethral dosimetry was iden-
tified. MRI radiomics features can potentially identify 
patients who are more prone to develop strictures.
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level to extract data which can be used to characterize the 
tumour in detail. Radiomics is defined as the high- throughput 
extraction of a large number of advanced quantitative features 
from radiographic images generating high- dimensional data 
that can be mined in combination with clinical and molecular 
features to enhance decision support.16,17 The central dogma of 
the radiomic approach lies in the ability of extracted imaging 
features to capture distinct variations in tumour phenotype, 
defined as tumour "habitats" that could have diagnostic, predic-
tive or prognostic power.18 Radiomic studies using prostate MRI 
have shown radiomics features to be related to both tumour phys-
iology, allowing for automated detection of tumours,19,20 as well 
as disease aggressiveness and increased risk of recurrence.21–23

Against this background, a cohort of PCa patients receiving a 
single dose of HDR BT monotherapy at a single institution has 
been analyzed to (i) establish the frequency of non- malignant 
urethral stricture; (ii) explore the relationship between stric-
ture formation and the dose distribution along the length of the 
urethra, and MRI radiomics features of the prostate gland.

MetHoDs anD Materials
Patients, who were fit for general anaesthesia and able to give 
informed consent, with histologically confirmed staging T1 to 
T3b localized PCa and serum prostate- specific antigen <40 µg l−1 
were eligible for HDR BT delivering a single dose of 19 Gy. This 
work was undertaken as a service evaluation and all patients 
provided written informed consent for their data to be used in 
this study.

All patients had HDR BT delivered following TRUS- guided 
transperineal implantation of flexible afterloading interstitial 
catheters (Varian part GM11007570, plastic, 200 mm long, 
2 mm diameter) as previously described.24 Patients were treated 
with a single exposure using a 192Iridium HDR afterloading 
system on the day of implant. After completion of treatment, 
implant catheters were removed and the patient discharged 

either the same day or the following day. All HDR BT plans 
were optimized using the PTV and urethra dose constraints as 
shown in Table 1.

All patients were treated under the same HDR BT protocol 
and imaged in a Siemens MAGNETOM C! 0.35T MRI scanner 
(Siemens Healthineers, United Kingdom). The MRI scanner 
was maintained under a comprehensive quality assurance 
(QA) programme (daily check of functionality, image geom-
etry and distortion, and signal to noise ratio; quarterly check 
of signal uniformity and verification of sequence parameters in 
protocols; biannually assessment of system tuning and magnet 
shimming).

Prior to the HDR BT, pre- treatment high- resolution axial T2 
weighted (T2W) anatomic images were acquired at 12 bits depth 
[turbo spin echo (TSE); echo time (TE): 121 ms; repetition time 
(TR): 4000 ms; 512 × 432×20 matrix] post- implantation in order 
to identify HDR interstitial catheters and urinary catheters. The 
MRI images were used to define the urethra (extending from the 
bladder to the external urethral meatus) and regions of interest 
(ROIs) in the prostate gland. The clinical target volume (CTV) 
was defined as in the GEC/ESTRO guidelines to include the 
whole prostate capsule, extended to cover extracapsular and 
seminal vesicle disease if diagnosed on staging MRI.25 The plan-
ning target volume (PTV) was a 3 mm volumetric expansion 
from the CTV, constrained to the anterior rectal wall. Using the 
urinary catheter as a surrogate, the urethral contour was defined 
as an 8 mm cylinder volume centralized on the catheter. With 
the pre- treatment MRI, the whole urethra was divided into pros-
tatic urethra and membranous urethra retrospectively by a single 
observer for the purpose of analysis as illustrated by Figure  1. 
The prostatic urethra was further divided into inferior, mid and 
superior equal thirds. The prostatic urethra was defined from 
the base of the bladder to the prostate apex. The membranous 
urethra was contoured from the apex of the prostate to the bulb 
of the penis.

Table 1.  summarizes the PTV and urethra planning dose constraints used for the HDR BT plans

Dose constraints

Patients with stricture
(n = 5)

Patient with no stricture
(n = 5)

p- valueMedian value (range) Median value (range)
PTV V19Gy
(100%)>90%

92.5% (92.3–99.1) 93.2% (93.1–98.5) 0.75

PTV V28.5Gy
(150%)<55%

27.1% (19.5–34.2) 29.4% (27.7–34.9) 0.29

PTV V38Gy
(200%)<20%

8.5% (4.5–12.3) 11.2% (9.4–12.6) 0.20

Whole urethra
D10% < 22 Gy

20.50 (16.9–20.9) 21.10 (17.0–23.3) 0.22

Whole urethra
D30% < 20.8 Gy

19.90 (16.4–20.7) 19.3 (16.5–21.2) 0.17

Whole urethra
Dmax < 28.5 Gy

22.10 (18.4–24.2) 22.20 (17.4–31.7) 0.72

HDR BT, high dose- rate brachytherapy; PTV, planning target volume.
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Haralick textural radiomic features of homogeneity, contrast and 
energy were selected for evaluation. These features were selected 
as those presented in the literature as being stable in analyzing 
MR imaging of the prostate.21–23 The T2 weighted MR image 
was acquired with a spatial relationship defined with the relative 
direction q at angles 0°, 45°, 90°, 135° in respect to the xy plane of 
the MRI co- ordinate map (Table 2).23 A spatially invariant matrix 
was created using the average counts of the four angles; these 
images were available for analysis. Features were derived from 
the three- dimensional grey level co- occurrence matrix (GLCM) 
of this image and the final values subsequently used for analysis. 
The ROI for radiomics extraction was defined as the whole pros-
tate CTV with subtraction of the urinary catheter. GLCM feature 
extraction was performed independently from the ROI using 
Pyradiomics (Python v. 3.4). As all patients were imaged on the 

same scanner for all examinations, no normalization technique 
was required.

Under the approval of the institutional research ethics board, a 
retrospective review of treatment records of PCa patients who 
received the single fraction of HDR BT was carried out to estab-
lish the post- treatment toxicity. Patients were seen at 1, 3 and 
6 months after treatment, 6 monthly intervals thereafter to 5 
years and then annually. Associations with dosimetric parame-
ters and MRI radiomics features were evaluated by performing a 
matched- pair analysis with one control matching pre- treatment 
IPSS score, number of needles used for insertion and CTV 
volume for each case of stricture. A stricture was defined by a 
patient who was symptomatic, requiring dilatation or catheter-
ization for stricture confirmed on cystoscopy. This definition 

Figure 1. Illustrating the whole urethra (red), membranous urethra (green), prostatic urethra(yellow), lower third prostatic urethra 
(orange), middle third prostatic urethra (pink) and upperthird prostatic urethra (blue) as 1a, 1b, 1c, 1d, 1e and 1f respectively

http://birpublications.org/bjr
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is equivalent to Grade II or higher using the Common Termi-
nology Criteria for Adverse Events v. 4.0 protocol. All stricture 
cases were matched with controls receiving the same dose frac-
tionation schedule (19 Gy in one dose), pre- treatment IPSS score, 
number of needles used for insertion and CTV volume. Wilcoxon 
signed- rank test was performed to investigate significant differ-
ences in the baseline demographic variables, dosimetric parame-
ters and MRI radiomic feature values between stricture cases and 
controls. For all tests, a p- value of ≤ 0.05 was considered statisti-
cally significant. Statistical analysis was performed with SPSS v. 
22.0 (IBM Corp., Armonk, NY).

results
From Nov 2010 to July 2017, there were 178 patients treated with 
HDR monotherapy of 19 Gy in a single dose. With a median 
follow- up of 28.2 months (range 12–48 months), a total of 5/178 
(3%) strictures cases was identified. The median time to stricture 
formation was 12 months (range 12–48 months).

For the matched- pair analysis, five controls were selected for 
being comparable to the stricture cases, all cases being interme-
diate risk according to the D’Amico criteria. 26 For all 10 cases, 
the median CTV and whole urethra volumes were 41.0 cc (range 
31.9–47.5cc) and 2.2 cc (range 1.6–3.8cc) respectively. There 
were no statistical differences in age, pre- treatment IPSS score, 
number of needles used, CTV and urethra volume sizes between 
the two groups of patients with and without strictures (p > 0.05).

As described in Table  1, all 10 cases achieved the PTV and 
urethra planning objectives and there were no significant differ-
ences found between two groups. Reviewing the six ROIs of 
the urethra (whole, membranous, prostatic, inferior-, mid- and 
superior- third prostatic), none of the urethral dosimetric param-
eters investigated were statistically different between the stricture 
cases and controls as indicated in Table 3.

With regards to MRI radiomics feature analysis, the comparisons 
between the stricture and control cases are illustrated in Table 4. 
Significant differences were found in contrast and homogeneity 
between the stricture cases and controls (p < 0.05). However, this 
did not apply to the energy feature (p = 0.28).

Discussion
In the evaluation of treatment for prostate cancer it is important 
to consider quality of life and radiotherapy- induced genitouri-
nary morbidities alongside tumour control.27 Urethral stricture 
is a significant late effect of any PCa radiotherapy.12 In one series 
of 1903 patients, the post- treatment stricture rate was found to 
be higher after HDR BT (11%) compared with low dose rate 
BT (4%) and external beam radiotherapy (2%).27 Overall, the 
incidence of urethral stricture in the literature after HDR BT 
ranges from 0 and 14%, with the majority of studies reporting 
rates of 4–9% at 5 years.11 One of the aims of the present study 
was to investigate the frequency of non- malignant urethral stric-
ture of PCa patients receiving a single dose of HDR BT. In this 
series, a relatively low stricture rate of 3% was found. It has been 
suggested that there is a higher risk of stricture formation with 
an increasing fraction size, implying a potential disadvantage 
of adopting a high single dose schedule for HDR BT.11,28 The 
median time to the development of stricture was 12 months in 
this cohort which is in keeping with other HDR BT monotherapy 
treatment schedules where the median time to development of 
stricture ranged from 4 to 36 months.11

Pre- treatment IPSS, number of needles used, prostate gland 
volumes and the volume of prostate gland receiving 150% of 
the HDR BT prescription dose (V150%) have been reported as 
strong predictors of radiation induced stricture.29 As illustrated 
in Tables  1 and 3, there were no statistically significant differ-
ences in these parameters between the control and stricture cases 
in this series.

No significant differences in urethra dosimetric parameters were 
found between the stricture cases and control in this single frac-
tion cohort,13 which is similar to our findings in patients receiving 
multifractions HDR BT. The majority of strictures after HDR BT 
occur in the bulbomembranous urethra.11,28 However, in this 
study no differences in the doses received by the membranous 
urethra were seen between stricture cases and controls: median 
D10% of 18.5 Gy (stricture) vs 18.3 Gy (no stricture). A system-
atic review has suggested a threshold dose for urethral stricture 
with a urethra of 109 Gy EQD2 (equivalent dose at 2 Gy per frac-
tion) with a 10% stricture rate above this dose and higher risk of 
urinary pain with a urethra mean dose of 91 Gy EQD2.12 Using 
the same assumption of α/β 3 Gy for the late complication, the 
maximum D10% and mean dose of membranous urethra were 
19.5 Gy (BED2Gy 87.5 Gy) and 17.5 Gy (BED2Gy 71.6 Gy) respec-
tively among all 10 cases in this study. These lower than threshold 
urethra dosimetric values might contribute to the favourable 
outcome of stricture rate from this study; however, the validity 
of the linear quadratic equation as such high doses per fraction is 
uncertain and the dose equivalence may be inaccurate.

Multiparametric MRI is the preferred modality for PCa diag-
nosis and staging with its high sensitivity and specificity.14,15 
The wealth of data which this provides facilitates research into 
radiomics features, with the possibility of defining new predic-
tive and prognostic parameters which can be used to aid PCa 
clinical decision- making.16–23 For example, application of 
radiomics feature analysis on pre- radiotherapy T2W MRI has 

Table 2. Haralick features evaluated and corresponding GLCM 
calculation

Haralick feature GLCM calculation
Homogeneity ∑i,jP(i,j)/1+|i−j|

Energy ∑i,jP(i,j)2

Contrast ∑i,jP(i,j).|i−j|2

GLCM, grey level co- occurrence matrix.
As defined by Wibmer et al, two pixels within an image can be 
separated by a displacement vector of δ pixels along angle θ.23 For 
an image of G grey levels, GLCM is defined as P(i,j|δ,θ). The entry (i,j) 
represents the number of times the combination of grey levels i and 
j occur in two pixels in the image, that are separated by a distance of 
δ pixels along angle θ. The distance δ from the center voxel is defined 
as the distance according to the infinity norm and in this study was 
one pixel.

http://birpublications.org/bjr
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suggested that radiomics can be used to predict radiotherapy 
induced rectal toxicity in PCa patients.30 No previous study has 
been done to investigate the correlation between MRI radiomics 

and stricture rate after HDR BT. As indicated in Table 4, there are 
statistically significant differences in the MRI radiomics features 
of homogeneity and contrast between stricture and control cases 

Table 3. Table 3 demonstrates the baseline demographic variables and urethra dosimetric parameters between stricture cases 
and controls

Patients with stricture
(n = 5)

Patient with no stricture
(n = 5)

p valueMedian Value (range) Median Value (range)
Baseline demographics Age (years) 72.5 (62.3–77.0) 68.4 (63.7–73.5) 0.44

Pre- treatment IPSS 8 (7–10) 8 (7–10) 0.94

Number of needles used 21 (19–30) 20 (19–28) 0.37

CTV volume (cc) 40.9 (26.4–46.4) 41.1 (31.9–47.5) 0.39

Whole urethra volume (cc) 2.2 (1.7–3.8) 2.1 (1.6–2.7) 0.31

Urethra D10% (Gy) Membranous 18.5 (14.8–19.6) 18.3 (14.3–19.5) 0.25

Prostatic 20.6 (16.9–20.9) 21.2 (17.0–23.7) 0.22

Inferior third prostatic 20.3 (16.1–20.9) 20.8 (16.3–21.6) 0.58

Mid third prostatic 20.3 (17.0–21.0) 20.8 (16.7–21.5) 0.32

Superior third prostatic 20.8 (16.7–21.2) 21.0 (17.2–25.9) 0.26

Urethra D30% (Gy) Membranous 17.1 (14.2–18.8) 16.9 (13.5–17.9) 0.20

Prostatic 20.0 (16.5–20.7) 20.7 (16.6–21.4) 0.18

Inferior third prostatic 19.8 (15.9–20.7) 20.0 (15.9–21.2) 0.77

Mid third prostatic 19.8 (16.8–20.7) 20.2 (16.4–21.2) 0.46

Superior third prostatic 20.4 (16.2–20.9) 20.6 (17.0–23.4) 0.18

Urethra maximum dose (Gy) Membranous 20.2 (19.5–22.8) 20.0 (15.5–22.3) 0.20

Prostatic 22.1 (18.4–24.2) 22.1 (17.4–31.7) 0.72

Inferior third prostatic 21.1 (18.4–22.8) 21.8 (17.2–24.2) 0.86

Mid third prostatic 21.4 (18.3–23.9) 22.0 (17.1–23.0) 0.66

Superior third prostatic 21.7 (17.7–23.3) 21.6 (17.4–31.7) 0.60

Urethra mean dose (Gy) Membranous 16.5 (13.1–17.5) 15.8 (12.8–16.4) 0.21

Prostatic 20.1 (16.7–20.5) 20.4 (16.2–21.0) 0.63

Inferior third prostatic 19.9 (17.0–20.5) 19.9 (15.6–20.7) 0.29

Mid third prostatic 20.6 (16.8–21.1) 20.0 (16.2–21.0) 0.51

Superior third prostatic 19.7 (16.0–20.3) 20.1 (16.8–22.9) 0.65

CTV, clinical target volume.

Table 4. Demonstrates the MRI radiomics features between stricture cases and controls

Patients with ≥Grade 
II stricture

(n = 5)

Patient without ≥Grade 
II stricture

(n = 5)

p- valueMedian value (range) Median value (range)
MRI radiomics features Energy 0.0036

(0.0020–0.0060)
0.0018

(0.0017–0.0053)
0.28

Contrast 30.1
(25.9–42.1)

50.3
(30.1–68.4)

0.04

Homogeneity 13.7
(11.8–17.7)

22.1
(14.4–30.7)

0.04
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before radiotherapy. In particular, the homogeneity feature has 
a slightly narrower range in the stricture group implying that it 
might be possible to use this parameter to identify those more 
prone to develop strictures after HDR BT.

With regards to the potential impact of the needles placement, 
the extracted radiomics features would have captured the texture 
properties of the prostate gland incorporating a spatial aspect 
of the implanted needles. Additionally, radiomics features were 
expected to incorporate any localized trauma, and extent of 
trauma, in the prostate gland due to the insertion. This study 
suggested that analyzing the radiomics of the entire prostate 
gland with needles in situ could better predict which patients 
would display a urethral stricture than using conventional 
analysis techniques on patient's specific clinical and treatment 
parameters. Future work is needed to include the analysis the 
pre- treatment MR, in order to investigate the impact of the 
needle placement fully.

The strengths of the study include the use of Pyradiomics, an 
open- source package compliant with accepted standards. It is 
increasingly recognized that all radiomic studies should now 
be conducted with open- source software to foster consistency, 
improve methodological transparency and facilitate further 
interinstitutional evaluation of published works.31 Reproducible 
and consistent contouring is critical to robust radiomic evalua-
tion. Whilst the potential for variability is acknowledged in this 
study, ROI delineation was performed according to a defined 
protocol for all patients to mitigate this. Finally, all patients were 
imaged on the same MR scanner using the same protocol under 
a comprehensive QA programme; therefore no normalization or 
standardization technique was required with respect to radiomic 
feature extraction. Haralick textural radiomics features of homo-
geneity, contrast and energy were selected for evaluation as they 

have been validated as robust parameters for radiomic analysis of 
prostate MRI in the literature.21–23 Whilst there is no clear basis 
why such features would predict for urinary stricture, it was felt 
that the numbers evaluated were too small to allow for reliable 
processing of a large number of hypothesis- generating features.

It is acknowledged that the limitations of our study are its retro-
spective nature, the small number of events and the fact that 
the data are from a single institution. With the low number of 
episodes of stricture identified, variations in the late toxicities 
could be due to different patient sensitivities to HDR BT instead 
of the parameters investigated in this study. It is also possible that 
the actual stricture rate of our cohort is underestimated owing to 
the varying stricture definitions by different urologists and the 
practicalities of capturing these events.28

This study is the first of the kind suggesting that the MRI 
radiomics features of homogeneity and contrast of the prostate 
gland identified patients who develop strictures after HDR BT. 
Extracting these radiomics features from the staging MR can 
potentially benefit prostate cancer patients by providing an extra 
risk stratification. Although the sample size is small, this prelim-
inary clinical hypothesis of using radiomics as a prognostic tool 
warrants further validation in a larger independent sample size 
under a multicentre randomized trial setting.
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